Abstract. In this paper, vibration properties of main parts of a RV reducer are investigated by modal analysis and theoretical calculation.Their natural frequency, vibration mode, and meshing frequency are obtained. This paper provides guidance for RV reducer design.
Introduction
RV reducer is a type of two-stage reducer developed from the traditional cycloid drive mechanism, combining advantages of both cycloid drive and involute-gear drive, such as high transmission efficiency, smooth operation, high accuracy, and compact structure, so it is widely used in industrial robots.
With the development of industrial robots, the RV reducer has been investigated by many scholars. Li et al [1] conducted the research and development of RV-250AII prototype for robot. Han [2] discussed dynamic transmission accuracy of the RV reducer. Liu et al [3] established the dynamic model of the RV reducer and derived the equation of motion, and the natural frequency of system were figured out. Jiao et al [4] [5] set up the mathematical model of cycloid tooth profile and carried out its optimized design. Yang et al [6] analyzed the torsional rigidity characteristics of the RV reducer. Zhang [7] studied the meshing stiffness of the cycloid gear both by simulation and theoretical calculations. Meng et al [8] established a mathematical model of transmission performance of 2K-H pin-cycloid planetary mechanism with one tooth difference based on static analysis of actual meshing transmission process between gear pairs by considering friction. This paper presents the vibration properties of the RV reducer. Natural frequency and meshing frequency of the main parts of the RV reducer (including the crankshaft, planet carrier, and cycloid gear,) were analyzed by modal analysis and theoretical calculation, respectively. The research of this paper can provide the technical basis for the optimal design, fault prevention, and treatment of RV reducer.
Model Construction
The working principle of RV reducer is shown in Figure 1 [9] . The cycloid gear is an important part and the modeling of cycloid tooth profile is difficult. Its curve is the equidistant curve of the epitrochoid. When a circle, with radius r, is rolling on the base circle of radius R, the trace of a certain point on the circle formed is named cycloid, at the same time, the trace of the other point within the circle formed is called epitrochoid. The forming principle of cycloid tooth profile is shown in Figure 2 . The equations of cycloid in Cartesian coordinate system are as follows: 
Where, r rp is radius of pin, r p is radius of center circle of pin gear. 1 2 ( )
Where K is amplitude coefficients, A is eccentricity of cycloid gear, ∆r rp is isometric modification, ∆r P is shifting modification, α is the angle at which circle rotates. The final model of cycloid gear is shown in Figure 3 . The planet gear is connected with one end of the crankshaft by spline, in the modal analysis of crankshaft, the planet gear and the crankshaft should be modeled as a whole [10] . The model of the crankshaft is shown in Figure 4 . In the modal analysis of planetary carriers, the connecting members such as screws and pins could be deleted, so the left and right planetary carriers are assembled into a solid body. The model of planetary carriers is shown in Figure 5 . 
Modal Analysis
Modal analysis is mainly used to study the vibration characteristics of the structure, such as the natural frequencies and vibration modes. The essence of the modal analysis is to solve the modal vector of the motion equation with and without finite damping. Modal analysis is often considered as the beginning of dynamic studies. Small structures such as chamfer, fillet and groove were removed because they have little effect on the modal analysis results. Solid187 (ten-node quadrilateral element) was applied for the meshing. The mechanical properties of the materials are listed in Table 1 . Finally the crankshaft is discretized into 42501 nodes and 25472 elements, as shown in Figure 6 . The planetary carrier is discretized into 1180366 nodes and 773348 elements, as shown in Figure 7 . The cycloid gear is discretized into 194142 nodes and 119674 elements, as shown in Figure 8 . Free modal analysis is an important part of modal analysis, which does not take into account the influence of any constraints, is the inherent characteristic of the structure itself.
Because the vibration energy is mainly distributed in the lower modes, free modal analysis could calculate the first twelve modes, the front six modes are free rigid body translation. The obtained natural frequencies and modes are shown in Table 2 . The significant deformation of crankshaft, cycloid gear, and planetary carrier happens in the 7th and 11th modes, which are shown in Figure 9 , Figure 10 and Figure 11 respectively. The constrained modal analysis is another way of modal analysis, which reflects the real vibration of the structure under the actual working conditions.
To simulate the actual working condition, the radial constraint (UX and UY direction) of 1/2 contact area is applied on the left and right axial ends of the crankshaft, which is in contact with the bearing. The model after applying the constraints is shown in Figure 12 . For the planetary carrier, a 1/2 contact area constraints are applied at four locations in contact with the main bearing and the rotary bearing. The model after applying the constraints is shown in Figure 13 . For the cycloid gear, the contact area between cycloid and bearing is less than 1/2 of the contact area, so radial constraints of 5/12 of the contact area are applied as shown in Figure 14 . According to the first ten modal results, the obtained natural frequencies and modes of constrained modal analysis are shown in Table 3 . The 5th and 10th mode shapes are most significant and are shown in Figure 15 , Figure 16 and Figure 17 . In the RV reducer design process, the natural frequency of the main parts must be distributed in different levels, so as to prevent resonance and reduce noise. By modal analysis, we obtained the natural frequency of vibration of the three main parts of RV reducer as well as the natural frequency in actual working condition. As shown in Figure 18 , the frequency values of planet carrier and cycloid gear are close in the 10 th , 11 th and 12 th mode. But in actual working condition, the situation is better, as shown in Figure 19 , showing the main parts are rational design. Based on engineering experience, the RV reducer is prone to vibration, when the natural frequency falls within 10% range of variation of the excitation frequency. When the natural frequency and excitation frequency overlap, the resonance occurs. Figure 20 shows 10% range of variation in meshing frequency.
Conclusions
This paper analyzed the vibration properties of the main parts of the RV reducer. The natural frequencies and the modes of vibration were obtained by modal analysis, and the meshing frequencies were obtained by theoretical calculation. The conclusions of this study are as follows:
1) The natural frequencies of the main parts are in different frequency ranges which means they do not resonate with each other.
2) When motor speed varies from 0 to 3000rpm, 10% range of variation in meshing frequency of planet gear and cycloid gear is obtained.
3) In RV reducer design, the natural frequency of the reducer, in the high frequency, should avoid the natural frequency of the main parts, and in the low frequency, should avoid 10% range of variation of the gear meshing frequency.
